Introduction
The (re)absorption of sodium, water and bicarbonate by the intestine and renal tubules is stringently regulated in order to maintain systemic fluid and pH homoeostasis. The exchange of Na þ for H þ across the apical membrane of renal and intestinal epithelia is central to these processes. This electroneutral countertransport of cations is undertaken primarily by NHE3, the predominant Na þ /H þ exchanger isoform expressed apically in these epithelia (Schultheis et al, 1998; Woo et al, 2003) . NHE3, which is restricted to apical and sub-apical membranes of epithelial cells, consists of an N-terminal domain composed of 12 membrane-spanning helices and a long cytosolic C-terminal tail of E400 residues. While the transmembrane domain mediates the cation exchange reaction, the cytosolic tail is thought to regulate the process, conferring responsiveness to hormones such as aldosterone, angiotensin II, dopamine, somatostatin and parathyroid hormone. The exquisite sensitivity of NHE3 to changes in osmolarity and pH, which is critical for systemic volume and acid-base homoeostasis, is similarly attributed to the C-terminus of the protein (Levine et al, 1993; Cabado et al, 1996; Zizak et al, 2000) . This remarkable array of regulatory functions is made possible by the intimate interaction of NHE3 with several ancillary proteins, including CHP, ezrin, NHERFI/II and calmodulin-dependent kinase (Donowitz and Li, 2007) . NHE3 activity is also markedly influenced by the phospholipid composition of the membrane (Lee-Kwon et al, 2003) . Na þ /H þ exchange is particularly sensitive to the phosphoinositide content (Aharonovitz et al, 2000) . Indeed, the acute inhibition of transport caused by ATP depletion (Aharonovitz et al, 1999 ) is likely caused, at least in part, by the accompanying depletion of polyphosphoinositides. Because phosphoinositides are polyanionic, contributing disproportionately to the surface charge, we considered the possibility that the tail of NHE3 might interact electrostatically with the inner aspect of the plasma membrane, thereby altering its disposition and possibly also its activity. To this end, we perused the primary sequence of NHE3 and modeled the structure of its cytosolic domain (residues 451-831) using the YASSPP algorithm (Karypis, 2006) . Three regions in the juxta-membrane domain (residues 472-492, 497-557 and 645-665) are predicted to be a helical. Of note, these helices are amphiphilic displaying both cationic and hydrophobic side chains. In other systems, such structures have a marked tendency to partition into anionic lipid bilayers (Roy et al, 2000; Zasloff, 2002) . Like most of the tail, regions between these sections are predicted to be unstructured. The flexibility of such unstructured regions could facilitate the simultaneous interaction of multiple polycationic stretches with the membrane. Recent determinations of the surface charge of intracellular membranes have found the inner leaflet of the plasma membrane to be the most highly anionic (Holthuis and Levine, 2005; Yeung et al, 2008) . This finding, together with the structural predictions described above, suggests that electrostatic interactions may have an important role in establishing the structure of NHE3 and potentially modulate its function. These considerations prompted us to analyse experimentally if individual domains of the cytosolic tail of NHE3 associate with the plasma membrane and whether such an interaction influences the rate and regulation of Na þ /H þ exchange.
Results

Cationic C-terminal domains of NHE3 bind anionic lipids in vitro
Three particularly cationic regions identified in the C-terminal domain of NHE3 were selected for detailed analysis.
These were designated as region 1 (residues 456-480; net charge þ 4), region 2 (residues 503-527; net charge þ 7) and region 3 (residues 645-688; net charge þ 13). A sub-region of particularly high charge density within region 3, named region 3 0 (residues 673-688; net charge þ 8) was also studied separately ( Figure 1A ). The ability of these domains to associate with anionic bilayers was initially analysed in vitro. To this end, synthetic peptides corresponding to regions 1, 2 and 3 0 were generated and conjugated to bimane via their amino terminus ( Figure 1B ). The fluorescence of bimane, which is highly sensitive to the dielectric constant of the surrounding environment, is greatly enhanced when the conjugated peptides associate with lipid bilayers. We took advantage of this feature to measure binding of regions 1, 2 and 3 0 to increasing concentrations of unilamellar liposomes of defined composition. As shown in Figure 1C , none of these peptides bound significantly to liposomes containing only zwitterionic phospholipids, whether they were composed of 100% phosphatidylcholine (PC) or 20% phosphatidylethanolamine (PE) plus 80% PC. By contrast, introduction of 20% phosphatidylserine (PS), a mole fraction comparable to that of the inner leaflet of the plasma membrane of mammalian cells (Vance and Steenbergen, 2005) , promoted avid binding of all three peptides. Association of all three peptides with the PS-containing liposomes was remarkably unchanged at temperatures ranging from þ 41C to þ 401C, indicating that the Figure S1) . A similar degree of binding was obtained when using another monoanionic phospholipid, phosphatidic acid (PA), suggesting that the interaction is electrostatic, rather than stereospecific. This conclusion is supported by the experiments in the middle row of Figure 1C ; binding of all three synthetic peptides to PS-containing liposomes was gradually decreased as the ionic strength of the medium was elevated, a manoeuvre that had no effect on the fluorescence of peptides added to PE-containing liposomes. Similar results were also obtained when the ionic strength was increased by addition of calcium or lanthanum, except that even lower concentrations of these cations were required, as they are di-and trivalent, respectively (Supplementary Figure S2) . In addition, all three regions were displaced from PS-containing liposomes by addition of squalamine ( Figure 1C , bottom row) or 1436 (Supplementary Figure S3) , cationic aminosterols that insert into membranes, making their surface potential more positive. The structurally related cholesterol, which is uncharged, had little effect on peptide binding (Supplementary Figure S3 ). To confirm that an electrostatic interaction mediates the association between the cationic regions of NHE3 and anionic membranes, we generated mutants of region 1 with reduced charge (Figure 2A ). Unlike the peptide replicating the native sequence of region 1 (net charge þ 4), mutant peptides with net charge þ 2 or þ 1 bound very poorly to PS-containing bilayers ( Figure 2B binding of the mutants to the anionic liposomes ( Figure 2C ). These observations support the notion that the interaction of the NHE3-derived peptides with PS-or PA-containing membranes is electrostatic in nature. Accordingly, effective peptide binding was also induced by even lower concentrations of phosphatidylinositol 4,5-bis-phosphate (PIP 2 ), which bears E3.5 negative charges at physiological pH ( Figure 1C , top row). Because PS, PIP 2 and other anionic lipids co-exist in the inner leaflet of the plasma membrane of mammalian cells, the regions of NHE3 corresponding to peptides 1, 2 and 3 0 are likely to be attracted strongly to the cytosolic aspect of the plasmalemma.
While convenient, the use of soluble synthetic peptides representing defined regions of NHE3 is not a perfect mimic of the interaction of the C-terminus of the protein with the membrane. In situ, the C-terminal domain is permanently tethered to the plasmalemma restricting its diffusion. In this instance, an electrostatic interaction between one or more of the cationic domains and the bilayer would alter the overall topology of the tail, but not its permanence in the membrane. To more accurately assess the effects of the membrane surface charge on NHE3 geometry, we devised a model system where a selected region of the protein (residues 673-688) was tethered to an artificial bilayer through a long (E15 nm) polyethyleneglycol-based linker. The strategy employed is illustrated in Figure 3 . Briefly, avidin was used to bridge biotinylated membrane lipids to the peptide-linker complex, which was itself also biotinylated. The C-terminus of the peptide was additionally conjugated to a fluorescein derivative. Fluorescence resonance energy transfer (FRET) between this green fluorophore and tetramethylrhodamine-labeled lipids inserted into the bilayer was used to estimate the distance between the tethered peptide and the surface of the membrane (see Figure 3C ). FRET, measured as donor quenching, was clearly detectable when the peptide was tethered to anionic (20% PS, 78% PC, 1% biotin-PE and 1% rhodamine-PE) liposomes, but marginal when zwitterionic (20% PE, 78% PC, 1% biotin-PE and 1% rhodamine-PE) liposomes were used ( Figure 3D ). As expected, the FRET-induced quenching was relieved when the ionic strength was elevated ( Figure 3E ) and also following addition of cationic aminosterols ( Figure 3F ).
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Zwitterionic lipids These findings are consistent with an electrostatically induced repositioning of the NHE3 peptide, increasing the fraction of time it is juxtaposed to the bilayer.
Cationic C-terminal domains of NHE3 bind to the inner surface of the plasma membrane
The preceding in vitro studies attempted to replicate the conditions encountered by the tail of NHE3 in the cell.
However, the precise composition of the inner leaflet of the plasma membrane of mammalian cells is neither entirely defined nor is the ionic strength of the cytosol known accurately. To verify that the polycationic segments of the tail of NHE3 bind to the membrane of intact cells, we transfected Madin Darby Canine Kidney (MDCK) cells with plasmids encoding regions 1, 2, 3 or 3 0 fused to GFP (see Figure 4A ), to facilitate the visualization of the resulting recombinant proteins. As shown in Figure 4C for the GFP-region 2 chimera, fusions of the polycationic regions with GFP accumulate in the nucleus, likely associating with the polyanionic DNA in a manner akin to histones. To circumvent scavenging of the probes by the nucleus and more specifically to study their association with membranes, a hydrophobic moiety was added to the constructs. This was accomplished by inclusion of myristoylation or farnesylation determinants at the N-terminus or C-terminus of the probes, respectively ( Figure 4A ). Remarkably, all three regions of NHE3 associated preferentially with the plasma membrane ( Figure 4B , D, F and G), which was established earlier to have the most negatively charged cytosolic leaflet of all cellular membranes (Okeley and Gelb, 2004; . Of note, the constructs localized to both the apical and basolateral membranes of polarized MDCK cells (Supplementary Figure S4) . The electrostatic biosensor R-pre ) also partitioned at comparable density into both membranes (Supplementary Figure S4) , implying that the surface charge of apical and basolateral membranes is similar, highly negative in both instances. These findings not only support the concept that the cationic regions of NHE3 associate electrostatically with the plasma membrane, but also imply that factors other than charge dictate the asymmetric distribution of the exchangers in epithelial cells.
An electrostatic interaction drives the association of the acylated chimeras with the plasma membrane was confirmed by mutational analysis. Replacement of the cationic residues in region 2 or 3 0 by electroneutral glutamine residues (myristoyl-(503-527)Q and (673-688)Q-farnesyl; see Figure 4A ) resulted in distribution of the probes throughout the cell, with no discernible accumulation at the plasma membrane ( Figure  4E and H). This finding further indicates that the hydrophobic myristoyl or farnesyl moieties are insufficient to retain the probes at the membrane ( Figure 4E ) or induce their indiscriminate partition into all cellular membranes ( Figure 4H ; see also Choy et al, 1999; Henis et al, 2009 ). However, in conjunction with a cationic motif, they serve to stabilize the probes on membranes with sizable negative surface charge (Roy et al, 2000; Yeung et al, 2008) .
The contribution of an electrostatic component to the association of the lipidated probes with the plasma membrane was validated in several other ways. First, the probes were redistributed throughout the cell and were no longer associated preferentially with the plasma membrane following addition of ionomycin, a calcium ionophore ( Figure  5A -C and G). The elevated levels of cytosolic calcium induced by this ionophore collapse the surface charge of the plasma membrane by a combination of three mechanisms: direct shielding, activation of the phosphoinositide-specific phospholipase C and loss of inner leaflet PS by activation of the aminophospholipid scramblase (Smeets et al, 1994; . Maintenance of the integrity of the plasma membrane under these conditions was verified by co-transfection of a farnesylated and diacylated plasma membrane marker, Palm, which attaches to the membrane exclusively by hydrophobic means ( Figure 5) . Second, the charged lipidated domains also redistributed away from the plasma membrane when cells were treated with squalamine ( Figure  5D -F, H; Supplementary Figure S5 ) or with the synthetic aminosterol 1436 (Supplementary Figure S5) . As before, the Palm marker of membrane integrity was unaffected by these treatments ( Figure 5; Supplementary Figure S5) . Finally, depletion of cellular ATP, which decreases the surface charge by causing net polyphosphoinositide hydrolysis ( Figure 7A ) and PS scrambling (Seigneuret and Devaux, 1984; similarly displaced the probes from the plasmalemma (Supplementary Figure S6) .
Disruption of the interaction between the cationic domains and the anionic lipids in the inner leaflet of the plasma membrane inhibits NHE3 activity
Having established the ability of the cationic domains of NHE3 to associate with the anionic inner surface of the plasmalemma we studied the functional significance of this interaction. To this end, we generated a series of full-length NHE3 constructs with mutations intended to reduce the net charge of the cationic regions. Three different mutants, detailed in Figure 6A and B, were generated. The expression and proper targeting of the mutants were verified first. This was facilitated by introducing a triple-HA epitope in the exofacial loop linking transmembrane domains 1 and 2 of NHE3. Those antiporters that were properly inserted into the apical plasma membrane could be detected selectively when anti-HA antibodies were added to intact (non-permeabilized) cells, while the entire population of cellular NHE3 molecules were visualized and quantified by addition of the antibodies to permeabilized cells. Confluent MDCK cells were used for these experiments to analyse the ability of the mutants to target in a polarized manner in epithelia. Consistent with earlier reports (Alexander et al, 2005) , a sizable fraction of the wild-type exchangers was at the apical membrane (47.5 ± 2.1% of total), with the remainder found in sub-apical endomembranes ( Figure 6C ). Elimination of the cationic charges in regions 1, 2 or 3 had no discernible effect on the expression level or on the ability of the mutant exchangers to target the apical membrane (52.7, 54 and 50.7% at the apical membrane, respectively) ( Figure 6C and D) .
Having validated the expression and proper targeting of the mutants, we proceeded to analyse their transport competence. MDCK cells, which lack endogenous apical NHE3 exchangers (Noel et al, 1996) , were used for these experiments. The ability of the individual mutants to exchange Na þ for H þ was measured as the rate of recovery of the cytosolic pH (pH c ) induced by addition of extracellular Na þ to cells that had been acid loaded by an ammonium pre-pulse (see Materials and methods for details). The small amount of endogenous NHE1 activity was eliminated by performing the experiments in the presence of 10 mM EIPA. As expected, cells expressing wild-type NHE3 responded to the addition of Na þ with a robust alkalinization, which was similarly observed in cells transfected with mutant 3 (Figure 6E ), implying that the distal polycationic region 3 is not essential for basal Na þ /H þ exchange activity. In sharp contrast, little pH recovery was recorded in cells expressing mutants 1 or 2, despite their normal targeting to the apical membrane ( Figure 6C and D). These observations imply that the cationic residues in the more proximal regions 1 and 2 are required for active Na þ /H þ exchange.
Our earlier experiments found that even a partial reduction of the charge of peptides mimicking the structure of region 1 markedly decreased their ability to associate with anionic bilayers (Figure 2A-C) . We therefore anticipated that comparable changes in net charge would affect the transport activity of the exchangers. This prediction was tested in Figure 2D -F, where an NHE3 construct bearing mutations K461A, K462A and R464A was expressed in MDCK cells. The activity of this mutant was markedly inhibited (Figure 2E and F) .
Jointly, the preceding data indicate that elimination of the electrostatic interaction between the tail of NHE3 and the membrane by mutation of cationic domain 1 or 2 is associated with loss of activity. We therefore predicted that depression of the negative surface potential of the membrane would similarly affect the electrostatic interaction and inhibit the activity of the wild-type NHE3. This can be accomplished by depleting the polyanionic phosphoinositides, which con-tribute disproportionately to the surface charge of the plasmalemma. As illustrated in Figure 7 , when the polyphosphoinositide content of Opossum Kidney (OK) cells (which express endogenous NHE3) was reduced by metabolic depletion (middle panels in Figure 7A ), the surface charge-assessed using the R-pre-RFP probe (Yeung et al, Figure 7A ). An acute and very profound inhibition of NHE3 activity accompanied diminution of the negativity of the inner leaflet of the plasma membrane ( Figure 7B and C) . A smaller, yet statistically significant inhibition was also noted when formation of phosphatidylinositol 3,4,5-tris-phosphate was precluded by treatment of the cells with LY294002, an inhibitor of phosphatidylinositol 3-kinases ( Figure 7B and C) . Even when the intrinsic charge of the protein and that of the membrane are unmodified, the effectiveness of electrostatic interactions can be modulated by altering the ionic strength or by addition of exogenous agents that screen the surface charge. Such manipulations also affect the activity of NHE3. Increasing the ionic strength by exposure of OK cells to hypertonic solutions markedly depressed the rate of Na þ /H þ exchange (Supplementary Figure S7) , while elevation of cytosolic calcium upon addition of thapsigargin produced a more modest, yet significant effect ( Figure 7B and C). Moreover, both squalamine and 1436, the cationic amphiphiles shown above to impair the association of the cationic domains with the membrane (Figure 5 ; Supplementary Figure S3 ), have previously been reported to inhibit NHE3 (Akhter et al, 1999).
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Discussion
Using a combination of in vitro and in situ approaches, we have shown that three distinct cationic motifs in the tail of NHE3 have the ability to bind to anionic membranes, including the inner leaflet of the plasma membrane. Moreover, altering this interaction by either mutation of the cationic residues to uncharged ones or by modulating the surface charge of the membrane in a predictable manner caused pronounced changes in the rate of Na þ /H þ exchange. Based on these observations, we propose that distinct clusters of basic amino acids in the cytosolic C-terminal domain of NHE3 are closely apposed to the lipid bilayer, probably lying parallel and not perpendicular to the plasma membrane, as often depicted. Moreover, we propose that conformational changes caused by the electrostatic interaction have important functional implications. Our results indicate that conditions which promote dissociation of the cytosolic tail of the exchanger from the bilayer reduce its catalytic activity (Figures 6 and 7) . Two mechanisms can be envisaged to cause the inhibition. First, the tail may exert force on neighbouring transmembrane helices, altering their alignment and hence their functionality. In this regard, it is noteworthy that neutralization of the two most proximal cationic clusters (regions 1 and 2) immediately adjacent to the last predicted transmembrane helix exerted profound inhibitory effects on transport activity, whereas neutralization of region 3 had little effect, although we cannot discount that region 3 may exert a regulatory effect in combination with region 1 or 2. These results are consistent with earlier analyses of truncated mutants, which found that deletion of region 3 was inconsequential, while more severe truncations produced profound functional inhibition (Donowitz and Li, 2007) . The mechanism suggested above invoking exertion of force on the transmembrane region would be similar to the 'slide-helix' model proposed for the regulation of the inwardly rectifying K þ (K ir ) channel, based on its crystal structure in combination with functional studies (Kuo et al, 2003; Enkvetchakul et al, 2007) . active state and an inactive (or much less active) state, akin to the open and closed states of channels (Hayashi et al, 2002; Alexander et al, 2007) . Thus, the position of the tail with respect to the bilayer may dictate the state of activation of the exchanger by modifying its conformation. Alternatively, the tail may physically block access of ions to the cytosolic transport site in a manner that is influenced by its association with the negatively charged bilayer. This situation, analogous to the 'ball and chain' model proposed for some channels, would not require realignment of the transmembrane domains. Instead, the tail can be envisaged to physically block transport when released from its electrostatic anchorage. While the transmembrane N-terminal domain of NHE3 mediates the cation exchange reaction, the C-terminal cytosolic tail clearly has a central role in modulating this process. Thus, although active, truncated versions of NHE3 lacking (parts of) the tail lose their responsiveness to physiological regulators including hormones and growth promoters (Levine et al, 1995; Akhter et al, 2000) . Remarkably, changes in the electrostatic association of the tail with the inner aspect of the plasma membrane could account for a number of the reported regulatory responses, assuming that attachment of one or more of the cationic regions of the exchanger to the membrane is required for optimal transport activity. The effects of cellular ATP depletion, alterations in cellular osmolarity, and of several small molecules including calmodulin inhibitors and squalamine can all be rationalized by applying an electrostatic model. As illustrated in Figure 7 , depletion of cellular ATP causes a drastic drop in the negativity of the inner leaflet of the plasma membrane. This is associated with, and likely caused by, the net dephosphorylation of polyphosphoinositides and the scrambling of PS across the bilayer. The profound inhibition in the rate of Na þ /H þ exchange is therefore likely to result from release and rearrangement of the tail with respect to the bilayer and to the transmembrane domains of the transporter. Similarly, the inhibitory effects of squalamine (Akhter et al, 1999) can be explained by its insertion into the membrane, bringing about a collapse in the surface charge, which was verified using the R-pre probe. Elevation in cytosolic calcium has been reported to inhibit NHE3, although this notion is controversial (Kim et al, 2002; Lee-Kwon et al, 2003; Zachos et al, 2008) . The cation could in principle inhibit the exchanger directly or via calmodulin. Elevation of cytosolic calcium can affect the surface potential in at least three different ways: by directly shielding negative charges, by stimulating phosphoinositide hydrolysis and/or by activating the PS scramblase. The combination of these effects can readily account for the observed dissociation of the R-pre surface charge probe and the concomitant inhibition of NHE3.
In both the kidney and the intestine, NHE3 is exposed to solutions of varying osmolarity. The exchanger is known to respond to altered osmolarity with changes in its rate of transport, in a manner that favours ionic and volume homoeostasis (Alexander and Grinstein, 2006) . Thus, both cultured cell and renal microperfusion studies found that NHE3 is inhibited by hyperosmolarity (Kapus et al, 1994; Soleimani et al, 1994; Watts et al, 1998; Watts and Good, 1999) . Conversely, decreases in cellular osmolarity activate the exchanger (Watts and Good, 1999; Good et al, 2000; Alexander et al, 2007). These observations are interpretable in the light of the electrostatic model of NHE3 regulation. Alterations of medium osmolarity that result in cell volume changes are inevitably accompanied by changes in intracellular ionic strength. Increased ionic strength weakens the electrostatic interaction between the tail of NHE3 and the membrane, as suggested by the data in Figures 1F-H and 3E . The opposite effect is anticipated when the cells swell in response to reduced osmolarity.
Even the reported effects of phosphorylation by PKA or PKC on the activity of NHE3 can be incorporated into a unified model where conformational changes associated with detachment of the tail from the lipid bilayer reduce the rate of cation exchange. PKA catalyses the phosphorylation of NHE3 residues 552 and 605 (Kurashima et al, 1997; Zhao et al, 1999) , an event that is necessary but not sufficient for the inhibition of exchanger activity (Kocinsky et al, 2007) . Interestingly, ezrin, which together with NHERF is required to bring PKA to the vicinity of the exchanger, also binds directly to NHE3 (Cha et al, 2004) and the binding site overlaps with cationic region 2 (see Figure 1) . We propose that upon PKA stimulation the negative charges introduced by phosphorylation favour dissociation of the tail from the membrane in a manner analogous to the 'electrostatic switch' described by McLaughlin et al for MARCKS and the EGF receptor (McLaughlin and Aderem, 1995; Wang et al, 2002; . Once separated from the membrane, this tail-detached conformation stabilizes an inhibited form of the exchanger. Interestingly, PKA-mediated inhibition of NHE3 is thought to involve not only a reduction in catalytic activity, but also decreased surface expression (Cha et al, 2006) . In this regard, the tail-detached form of the exchanger may also serve as a more accessible target for proteins associated with the endocytic and/or exocytic trafficking machinery.
Given the homology between NHE3 and other isoforms of the NHE3, regulation by electrostatic interactions may not be unique to the epithelial isoform. For example, NHE1 displays two cationic regions similar to regions 1 and 2 of NHE3. A region of NHE1 identified as a lipid-interacting domain (LID), which includes cationic region 2, was recently described to associate preferentially with PIP 2 and to a lesser degree with PS and PI, compared with other lipids (Wakabayashi et al, 2010) . As in the case of NHE3, mutations in the LID of NHE1 depressed its activity (Wakabayashi et al, 2010) . Therefore, regulation of ion exchange by electrostatic interactions of cationic motifs with anionic lipids may well be a general feature of members of the NHE family.
In summary, we provided evidence that, rather than extending perpendicularly into the cytosol, the tail of NHE3 approaches the bilayer, maintained in this configuration by electrostatic association with negatively charged head-groups of phospholipids. Confirmation of the actual disposition of the tail with respect to the bilayer will have to await direct structural and molecular dynamic studies of purified, reconstituted NHE3. Moreover, we showed that the cationic motifs that direct the interaction with the membrane are essential for optimal cation exchange activity, as is the maintenance of the uniquely negative surface charge of the inner leaflet of the plasma membrane. Variations in the magnitude of these charges or in their ability to interact can explain a variety of the known regulatory responses of NHE3. While these findings by no means exclude a role of stereospecific inter-actions with regulatory proteins, the contribution of electrostatic attractions must be taken into account when describing the molecular basis of NHE3 function and regulation.
Materials and methods
Synthetic peptides and liposome binding assays
The synthetic peptides were custom synthesized by Biosynthesis Inc. (Texas). Binding assays of bimane-conjugated peptides to liposomes were performed essentially as in . Briefly, liposomes were first prepared by aliquoting the appropriate amount of lipids (synthetic DOPC, POPS, POPE, POPA, POPE and/ or brain PI(4,5)P 2 , all purchased from Avanti) into a glass tube and drying the solvent, chloroform, under nitrogen. Dried lipids were suspended in 20 mM Tris-HCl buffer, pH 7.2 (unless otherwise specified) using a vortex, before being passed through a liposome extruder (Avestin, Ottawa) with a 100-nm pore-size polycarbonate filter to yield large unilamellar vesicles. Liposomes were composed of DOPC as the bulk lipid with varying amounts of other lipids (20 mol% of either PE, PS or PA, or 2 mol% PI(4,5)P 2 ). For fluorescence measurements, a constant amount of the labeled peptide (B1 nmol) was added to a glass cuvette (Starna Cells Inc., California) containing a fixed amount of donor PC liposomes suspended in 20 mM Tris-HCl buffer with the indicated concentration of NaCl to vary the ionic strength or squalamine (Moore et al, 1993) , 1436 or W7 (Calbiochem) to alter the surface charge and then fluorescence was measured with a Hitachi spectrophotometer F-2500 (excitation at 390 nm and emission at 468 nm). Aliquots of acceptor liposomes were then added to the cuvette and fluorescence was recorded.
For the experiments where the peptides were tethered to liposomes, biotin-PE (1 mol%) was incorporated, the liposomes were pre-treated with avidin and then a fixed amount of the biotinylated peptide added to the liposomes. In these experiments, rhodamine-PE (1 mol%) was also incorporated into the liposomes to serve as a FRET acceptor. FRET was measured as the quenching of FAM (excitation at 495 nm and emission at 525 nm), and the ionic strength and surface charge were altered as above.
Plasmid construction
The region 1, GFP-456-480 farnesyl construct was generated by annealing the forward oligos 5 0 -TCGAGCCCTGGTGCAGTGGCTGA AGGTGAAGAGGAGCGAGCAGCGTGAGCCGAAGCTCAACGAGAAGC TGCATGGCCGGGCTTGTGTAATTATGTAAG-3 0 and the reverse oligos 5 0 -GATCCTTACATAATTACACAAGCCCGGCCATGCAGCTTCTCGTTGA GCTTCGGCTCACGCTGCTCGCTCCTCTTCACCTTCAGCCACTGCACCA GGGC-3 0 together and then ligating the product into the pEGFP-C1 vector (Clontech) digested with the restriction enzymes XhoI and BamHI. The region 2, GFP-503-527 construct was created by annealing the forward oligos 5 0 -AATTTGAAGTGGTCCAATTTTGATA GGAAGTTCCTCAGCAAAGTCCTCATGAGAAGATCTGCTCAAAAATCT CGAGATCG-3 0 and the reverse oligos 5 0 -GATCCGATCTCGAGATTTT TGAGCAGATCTTCTCATGAGGACTTTGCTGAGGAACTTCCTATCAAA ATTGGACCACTTCA-3 0 together and then ligating the product into the pEGFP-C1 vector (Clontech) digested with the restriction enzymes EcoRI and BamHI. The region 2, myr-503-527-GFP was created by annealing the forward oligos 5 0 -TCGAGACCATGGGGAGT AGCAAGAAGTGGTCCAATTTTGATAGGAAGTTCCTCAGCAAAGTCC TCATGAGAAGATCTGCTCAAAAATCTCGAGATCGGATC-3 0 and the reverse oligos 5 0 -GATCGATCCGATCTCGAGATTTTTGAGCAGATCTT CTCATGAGGACTTTGCTGAGGAACTTCCTATCAAAATTGGACCACTT CTTGCTACTCCCCATGGTC-3 0 together and then ligating the product into the pEGFP-N1 vector (Clontech) digested with the restriction enzymes XhoI and BamHI. The region 2, myr-503-527Q-GFP was generated by annealing the forward oligos 5 0 -TCGAGACCATGGGG AGTAGCAAGCAGTGGTCCAATTTTGATCAGCAATTCCTCAGCCAGGT CCTCATGCAACAGTCTGCTCAACAGTCTCAAGATCAGATC-3 0 and the reverse oligos 5 0 -GATCGATCTGATCTTGAGACTGTTGAGCAGAC TGTTGCATGAGGACCTGGCTGAGGAATTGCTGATCAAAATTGGACC ACTGCTTGCTACTCCCCATGGTC-3 0 together and then ligating the product into the pEGFP-N1 vector digested with the restriction enzymes XhoI and BamHI. The region 3, GFP-645-688 farnesyl construct was created by first PCR amplifying the region from cDNA containing the rat-NHE3 construct15 with the forward primer 5 0 -GACGCAAGATCTAAGCAGGACAAGGAGATCTTCCACAGG-3 0 and the reverse primer 5 0 -GACGCAGGATCCTTACATAATTACACACCTCC GCTTCTGTGCGCGCTCCCTC-3 0 . The BglII and BamHI digested product was then ligated into the pEGFP-C1 vector digested with the same enzymes. The region 3, GFP-673-688 farnesyl was generated by annealing the forward oligos 5 0 -TCGAGCCAAGAAGGC AGCCAAGCTATATAAGAGGGAGCGCGCACAGAAGCGGAGGTGTGTA ATTATGTAAG-3 0 and the reverse oligos 5 0 -GATCCTTACATAATTACA CACCTCCGCTTCTGTGCGCGCTCCCTCTTATATAGCTTGGCTGCCTTC TTGGC-3 0 together and then ligating the product into the pEGFP-C1 vector digested with the restriction enzymes XhoI and BamHI. The region 3, GFP-673-688Q-farnesyl was generated by annealing the forward oligos 5 0 -TCGAGCCCAGCAAGCAGCCCAGCTATATCAGCAA-GAGCAGGCACAGCAACAGCAATGTGTAATTATGTAAG-3 0 and the reverse oligos 5 0 -GATCCTTACATAATTACACATTGCTGTTGCTGTGCC TGCTCTTGCTGATATAGCTGGGCTGCTTGCTGGGC-3 0 together and then ligating the product into the pEGFP-C1 vector digested with the restriction enzymes XhoI and BamHI. Generation of the Palm construct is described in .
The full-length NHE3 constructs with alanine substitutions for the cationic residues in regions 1-3, referred to as mutants 1-3 respectively, and the triple mutant (K461A, K463A and R464A) were generated by site-directed mutagenesis using the QuikChange TM Site-Directed mutagenesis protocol and Pfu Turbo DNA polymerase (Stratagene), or by standard PCR mutagenesis using specific pairs of oligonucleotides containing the desired mutations. The fidelity of all sequences was verified by automated DNA sequencing.
Cell culture and transfection MDCK type II and OK cells from the ATCC were grown in DMEM/ F12 with 5% foetal bovine serum at 371C in a 5% CO 2 incubator on glass coverslips. AP1 cells stably transfected with NHE3 (D'Souza et al, 1998) were grown in aMEM with 10% foetal bovine serum at 371C in a 5% CO 2 incubator. For live-cell imaging, cells were incubated in Hepes-buffered RPMI 1640 at 371C. Media and serum were from Wisent Inc. Transient transfection was performed using FuGene6 (Roche) according to the manufacturer's instructions. For single plasmid transfection, 1.5-2.0 mg of cDNA and 5 ml of FuGene6 were used. For transfection of two constructs, 1.5 mg of each plasmid and 7 ml of FuGene6 were used.
Image acquisition
Fluorescence images were acquired using spinning-disc confocal microscopy. The systems in use in our laboratory (Quorum) are based on either Leica DM-IRE2 or Zeiss Axiovert 200M microscopes with Â 63 or Â 100 objectives. The units are equipped with diodepumped solid-state laser lines (440, 491, 561, 638 and 655 nm; Spectral Applied Research, Richmond Hill, ON) , motorized XY stage (ASI) and a piezo focus drive. Images were acquired using either back-thinned, electron-multiplied or conventional cooled chargecouple device cameras (Hamamatsu), driven by the Volocity 4.1.1 software (Improvision).
Image analysis and quantification of fluorescence
Fluorescence images were analysed using Volocity and then exported into Adobe Photoshop CS2 for contrast enhancement and labeling. In Figure 5G , H and Supplementary Figure S5 , the quantification of membrane and intracellular fluorescence were performed using the 'Measurements' feature in Volocity 4.1.0, where objects (regions of interest) were first identified and their mean fluorescence intensity was then measured. Immunostaining of surface and total cellular NHE3, Figure 6C , was performed essentially as described in Alexander et al (2005) .
Pharmacological treatments
Ionomycin (10 mM final; Calbiochem) was added to cells bathed in a medium containing 140 mM NaCl, 5 mM KCl, 1 mM MgCl 2 , 25 mM HEPES, pH 7.4 and 1 mM CaCl 2 ( Figure 5A-C) . ATP depletion was performed by incubating cells with 200 nM antimycin (Sigma) and 10 mM 2-deoxy-glucose (Sigma) in a glucose-free medium for 430 min. Squalamine (Rao et al, 2000) was added to cells (final concentration 100 mM) incubated in the above medium, Figure 5D and Supplementary Figure S2C . 1436 (Rao et al 2000) was added to cells (final concentration 100 mM) for at least 10 min, Supplementary Figure S2E . LY294002 (Biomol) was added to cells at 50 mM for 20 min. Thapsigargin (Calbiochem) was added at 100 nM for 10 min. Unless otherwise indicated, all treatments and assays were performed at 371C.
Measurement of Na
þ /H þ exchange activity NHE3 activity was assessed as the rate of Na þ -induced pH c recovery after an acid load. Dual excitation ratio determinations of the fluorescence of BCECF were used to measure pH c , as previously detailed (Kapus et al, 1994) . Briefly, cells were grown to confluence on 25 mm glass cover slips, placed into Attofluor cell chambers and mounted on the stage of the microscope. Next, they were loaded with 5 mg/ml BCECF acetoxymethyl ester in isotonic Na þ buffer: 140 mM NaCl, 3 mM KCl, 1 mM MgCl 2 , 1 mM CaCl 2 , 20 mM HEPES pH 7.4 and 5 mM glucose, and pre-pulsed with 50 mM NH 4 Cl at 371C for 10 min for subsequent acid loading. Extracellular dye and NH 4 Cl were then washed away with Na þ -free solution and Na þ /H þ exchange was initiated by reintroduction of Na þ -containing solution. Studies using MDCK cells were performed in the presence of 10 mM EIPA. In studies using the AP1-NHE3 stable cell line, 10 mM of SNARF-5F was employed instead of BCECF. pH c was calibrated by equilibrating the cells with K þ -rich media titrated to defined pH values and containing 10 mg/ml nigericin (Thomas et al, 1979) . Calibration was performed immediately after the recovery of pH c for each experimental condition tested. Where indicated, the medium was made hypertonic by addition of 150 mM N-methyl-Dglucamine to the isotonic Na þ buffer.
Statistical analysis
Unless otherwise indicated, data are presented as mean values±s.e. of the mean of the specified number of determinations. Significance of differences was estimated by analysis of variance or using t-tests, as appropriate.
Supplementary data
Supplementary data are available at The EMBO Journal Online (http://www.embojournal.org).
